Introduction
All experiments were done with a view to application of stochastic cooling in the CERN Antiproton Accumulator2 (AA).
The main purpose was to check the existing theory3 of momentum cooling.
This theory is now believed to be complete.
It includes the coherent correction towards a nominal momentum which a particle exerts on itself via the feedback over many million revolutions, the diffusion caused by signals from other particles and amplifier noise, and, finally, the dynamic reduction of Schottky signals due to the feedback action.
In addition to the verification of the theory, a novel method for fast Ap/p cooling was tried, i.e. the filter methodl, where the coherent correction is a function of the deviation of a particle's revolution frequency from a nominal value.
The theory is believed to be sufficiently general to apply also to the method in which the correction is a function of the particle's radial position, R. Palmer's method4.
Since the betatron cooling theory4 has been derived along the same lines as the Ap/p cooling, a confirmation of the Ap/p theory is an indication that the betatron theory is also correct.
3.

Principle of Momentum Cooling with the Filter Method
The signal from a sum pick-up of a single coasting particle with revolution frequency fo is a series of delta functions.
The voltage spectrum consists of lines separated by f0 with the height: The filtered signal is fed via amplifiers to a series of wide-band accelerating/decelerating gaps.
In a machine aboVe transition a particle with fo > fon will accelerate itself through the signal it sets up in the feedback system until fo = fon (assuming proper polarity and that the delay in the loop equals the time of flight between pick-up and gap).
Similarly, a particle with fo < fon will be decelerated towards the nominal momentum.
The method is particularly suited for fast cooling at low intensities since the pick-ups are connected directly to the preamplifier and the signal filtered only afterwards, in such a way that the signal-to-noise ratio remains high and independent of radial position.
With the alternate method, based on the radial difference pick-up4, the signal-to-noise ratio is zero for a particle on the nominal orbit.
More sum. pick-ups can be accommodated in a given length.
In ICE, signals from 16 ferrite loaded gaps were added in hybrid transformers prior to low-noise amplification and filtering.
4.
Review of Momentum Cooling Theory For cooling with a radial position dependent pickup (Palmer method) the pick-up sensitivity with respect to radial position (i.e. with E) replaces the filter characteristics in g(H,E) and should be included inside the integral in (8) .
The amplifier noise term in (11) is only to be multiplied with the electronic gain, since the pre-amplifier comes after the pick-up.
5.
The ICE Machine particle noise + 2kTRkfo Jg2(H,E)J 
where the term in the brackets is called the beam transfer function G(w). The denominator of the integrand vanishes (singularity) at w(E) = wp inside the integration interval.
The difficulty is overcome in reference 6 by integrating up to w -c and continuing from wp+C. This yields an imaginary term, corresponding to Cauchy's principal value.
Furthermore, a real voltage
results from the singularity at wp. ICE is a strong focusing machine with four magnetic sectors and four straight sections, where protons from the CPS or secondary particles from a conversion target are injected and cooled.
The injection is done with a pulsed inflector and a fast full-aperture kicker.
The magnets were built from the iron yoke and the coils of the dismantled g-2 ring (storage ring used to measure the magnetic moment of the muon). The Each of the 16 sum pick-ups used for momentum cooling consists of a 6 cm long drift tube shortcircuited to earth at one end, surrounded by a ferrite frame in the middle and connected to a 50Q output lead at the other end.
Thus the image current associated with the passage of a particle is coupled out. After the start-up, higher cooling factors and rates were quickly obtained.
Two major improvements to the filter line followed: Filter characteristics around the 21st notch with and without line loss compensation.
Incomplete signal suppression in the notches is the consequence of resistive line losses.
The residual signal is annulled by injecting into the filter output a small fraction of the input in antiphase.
The amplitude of the correction should increase as f since the skin depth decreases with f½h.
The correction signal is obtained as the difference signal at the end of two lines, one line having high losses, the other low losses.
Both lines are fed with the filter input signal.
After filtering the signal is amplified by a 1 kW distributed amplifier and powers 12 accelerating gaps, similar to the pick-up gaps.
These correctors are in two groups of six, separated by half a horizontal betatron wavelength to cancel the betatron heating caused by momentum corrections.
The over-all characteristics are given in Fig. 9 .
The betatron cooling systems consist of 30 cm long loop coupler pick-ups and kickers and work from 125 to 375 MHz, similar to the low-frequency betatron coolers in the ISR .
7.
Experimental Results Such high cooling rates were obtained with high electronic gains, also causing strong diffusion as can be seen from (7), the cooling being proportional to the electronic gain, the diffusion to its square.
First evidence of momentum cooling was obtained in
Thus for low gains high density increase factors could be reached at the expense of the cooling rate. 
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Since the feedback system is the result of cascading many components such as pick-ups, signal combiners, amplifiers, filters, phase equalizers, wideband gaps (and also the beam through its transfer function G(wj)) the overall gain characteristic g(w)xT(w) becomes quite complicated.
Thus g(w)>XT(w) is most conveniently expressed numerically and the Fokker Planck equation can be integrated by computer for a given initial distribution. g(w) between 0 and 240 MHz.
To check the theory with the experiment, g(s) of the system was recorded with a network analyser in 15 frequency points inside each of 45 harmonic (15 < H < 59) bands.
The 15 frequencies were chosen as harmonics of 15 equidistant revolution frequencies, representing 15 equidistant particle energies between +2,5 MeV and -2.5 MeV. The data were used in a computer program to calculate the evolution of initially flat distributions after four and eight minutes at different intensities N.
The equivalent experiments were done with ICE. Reduction of full width in Ap/p.
There is good agreement for the increase in peak density and reduction of full width.
The ratio between open loop and closed loop signals is given by (9) .
The Schottky signals of the 18th harmonic were photographed under both conditions for 1.27-109 particles after eight minutes. They were also computed for eight minutes, for the two conditions. At that time only vertical and longitudinal cooling had been demonstrated, the horizontal pick-up and kicker being centred too far towards the inside of the machine acceptance.
After modification the doubts were removed when a beam of 6-109,protons was cooled simultaneously in all three planes, and its loss rate decreased from typically 100% per hour to a residual value of around 2% per hour, a loss rate compatible with single Coulomb scattering. The rms betatron oscillation amplitude is X y, E X x. In addition, the full aperture injection kicker, which could only kick in a limited particle-free interval of the RF period, did not cause beam loss.
With stochastic cooling in all three planes the lifetime of the bunched beam was equal to that of equally intense unbunched beams.
This technique permitted the ICE team to collect 14,000 p from many pulses, each containing only a few hundred particles11. 8 .
